Jasper Display Corp. (JDC) offer high reflectivity, high resolution Liquid Crystal on Silicon -Spatial Light Modulator (LCoS-SLM) which include an associated controller ASIC and LabVIEW based modulation software. Based on this LCoS-SLM, also called Education Kit (EDK), we provide a training platform which includes a series of optical theory and experiments to university students. This EDK not only provides a LabVIEW based operation software to produce Computer Generated Holograms (CGH) to generate some basic diffraction image or holographic image, but also provides simulation software to verity the experiment results simultaneously. However, we believe that a robust LCoS-SLM, operation software, simulation software, training system, and training course can help students to study the fundamental optics, wave optics, and Fourier optics more easily. Based on these fundamental knowledges, they could develop their unique skills and create their new innovations on the optoelectronic application in the future.
INTRODUCTION
Liquid Crystal on Silicon-Spatial Light Modulator (LCoS-SLM) has been widely used on various applications, such as adaptive optics [1] [2] [3] , holographic display [4] [5] , microscopy [6] [7] , beam shaping [8] , beam steering [9] , optical communication [10] , diffractive optical element (DOE) [11] , semiconductor equipment [12] , and 3D metrology [13] . The major reason is that LCoS-SLM is a useful and powerful optical instrument to modulate the optical wavefront dynamically. By adjusting the driving voltage, the degree of twist of liquid crystal molecules could be changed and tilted. The light will have phase retardation when it passes through liquid crystal layer. Generally, LCoS-SLM is capable of accepting a video signal and converting it into a holographic image. The video signal, also called computer generated holograms (CGH), is one method to generate holographic interference patterns digitally. There are three steps to generate CGH as below, (1) computing the virtual scattered wavefront, (2) encoding the interference pattern, and (3) reconstructing the holographic image. There are two type of LCoS-SLM, such as transmissive type and reflective type, respectively. The LCoS-SLM JDC offer is an electrically addressed reflective type. The reflective type LCoS-SLM typically has more efficient light usage and less annoying diffraction by high aperture ratio. In addition, we also offer high resolution and small pixel pitch LCoS-SLM which includes an associated controller ASIC and LabVIEW based modulation software. We also offer a training platform which includes a series of optical theory and experimental course. Through the promotion of LCoS-SLM in university, we expect that these university students could develop their unique skills and spur innovations for future optoelectronic applications through our training program. There are mainly three topics in our training program or experimental course. The first topic is "Fundamentals of LCoS-SLM" which includes polarization, jones matrix, and uniaxial crystal theory. The second topic is "Wave Optics" which includes interference, diffraction, and dispersion phenomenon. The third topic is "Fourier Optics" which includes spatial frequency, optical spectrum, Fresnel diffraction, and Fraunhofer diffraction. But it is not limited. Teachers could design their own experiments and then implement them on EDK.
*chunwei.tsai@jasperdisplay.com; phone 886-3-575-2768; fax 886-3-575-2628; www.jasperdisplay.com shows the experiment setup photo of EDK. The first part of our optical system (gray) from the coherent light source to collimating lens is collimating system which produces a plane wave to illuminate the LCoS-SLM. The second part is polarization system (red), two polarizers constrain the input and output polarization state to switch SLM between amplitude modulator and phase modulator. The last part is an imaging system (blue), the imaging lens will form LCoS-SLM image onto screen or CCD. Our Educational Kit (EDK) for LCoS-SLM mainly uses these three parts to compose ten experiments. 
PREVIOUS WORK -SLM BASED EDUCATION KIT
Spatial Light Modulator (SLM) is a powerful active optical component to change the optical wavefront by electrical signal and had been widely investigated for many applications. We use LCoS (Liquid Crystal on Silicon) which has high reflectivity and spatial resolution as main component of SLM educational kit [14] , and present a series of experiment to let students know the background theory of SLM. There are mainly three topics in our training program or experimental course. The first topic is "Fundamentals of LCoS-SLM," the second topic is "Wave Optics," and the third topic is "Fourier Optics."
Fundamentals of LCoS-SLM
LCoS-SLM has pixelated structure as micro display. The coherent light source would be diffracted to vertical and horizontal direction when the coherence light source illuminates the pixel structure of LCoS-SLM. The polarization state is changed by the anisotropic characteristic of liquid crystal. Regarding this characteristic of liquid crystal, LCoS-SLM can modulate the amplitude or phase of the light. From the first topic "Fundamentals of LCoS-SLM," we would like to let the university students understand these characteristics of LCoS-SLM and realize how to modulate the basic wavefront by using LCoS-SLM. However, the first topic includes the polarization, jones matrix, and uniaxial crystal theory. Figure 2 shows the fundamental optics based on LCoS-SLM (EDK). The pixelated structure, amplitude modulation, phase modulation, and wavefront modulation experiments are shown as Figure 2 
Wave Optics
In this second topic "Wave Optics," LCoS-SLM will be applied to traditional optical experiments by providing the phase grating and amplitude mask. We expect to let the university students know how to apply the LCoS-SLM into the traditional experiments. However, the second topic includes interference, diffraction, and dispersion phenomenon. 
Fourier Optics
The third topic is "Fourier Optics" which includes spatial frequency, optical spectrum, Fresnel diffraction, and Fraunhofer diffraction. Figure 4 Shows the Fourier optics based on LCoS-SLM (EDK). The signal processing, Talbot mage, and phase shift digital holography (PSDH) are shown as Figure 4 (a)-(c), respectively. LCoS-SLM has these properties of pixelated structure, high aperture ratio, and smaller pixel size. Hence, the LCoS-SLM could be a good solution to perform the Fourier experiments such as Fresnel and Fraunhofer diffraction. Most important of all, if we want to get a high reflective and clear diffraction results, we need to use a digital pattern and to make these pixel size as small as the wavelength range. 
NEW FUNCTION AND NEW SIMULATION SOFTWARE ON LCOS-SLM (EDK)
This EDK not only provides a LabVIEW based operation software to produce CGH to generate some basic diffraction image or holographic image, but also provides simulation software to verity the experiment results simultaneously. Our LabVIEW based software also can simulate fundamental optics, wave optics, and Fourier optics. This simulation software not just helps students to realize the theory of Jones matrix and the relationship among of polarizer, retarder, and analyzer, but can simulate the interference, diffraction, and dispersion phenomenon. We also can use this simulation software to simulate the optical pattern and optical wavefront dynamically. However, we believe that a robust LCoS-SLM, operation software, simulation software, training system, and training course can help students to study the fundamental optics, wave optics, and Fourier optics more easily. Based on these fundamental knowledges, they could develop their unique skills and create their new innovations on the optoelectronic application in the future.
Pixelated Structure of LCoS-SLM
The objective of this experiment is to investigate how the basic structure of the SLM affects the behaviors of the light, by projecting a light wave onto an LCoS-SLM that is not receiving electrical signals. We will learn how to observe the maximum diffraction angle, diffraction efficiency, and the changes in the polarization state; then, use these observations to calculate the basic parameters of the LCoS-SLM, such as its pixel size, aperture ratio, and alignment angle. Figure 5 (a) shows the Graphical User Interface (GUI) of pixelated structure. This EDK software is LabVIEW based and provide multi-function and easy-to-use modulation. Figure 5 (b) shows the GUI of calculating pixel size. By Fourier series analysis, a periodical structure could be expressed by the following equation
D is the period of the structure, and n is the n th order of diffraction. From the equation above, the original equation can be broken down into several exponential functions with different weights, which represent several diffracted light beams of different orders, with the diffraction angle θ as,
where λ is the wavelength of the coherent light source. Under the condition of paraxial approximation, the diffraction angle will increase proportionally. Thus, using the above equation, we can calculate the pixel period D by, first, measuring the diffraction angle, then, substituting it with the wavelength of the light. Under the condition of a fixed wavelength, a larger diffraction angle requires a smaller pixel period. This is why SLMs need to be made smaller with their dimensions made closer to the wavelength of the light. (5) I 0 is the intensity of zero order and I 1 is the intensity of first order. d is the aperture size and also be the pixel size. D is the period of the structure and also be the pixel pitch. x is the coefficient $ of the sinc function.
By calculating the diffraction angle, we can also use the following equation based on our experiment setup,
where x 1 is the distance between zero order to first order, d 1 is the distance between LCoS-SLM to the beam splitter, and d 2 is the distance between the beam splitter to the screen. Figure 6 (a) shows the experiment setup photo of pixelated structure. Due to the pixelated structure of LCoS-SLM, a coherent light source (532 nm) normally incident on LCoS-SLM and then the light will be reflected back with many diffraction orders as shown in Figure 6 The intensity of zero order and first order is 544.2 μW and 1.7 μW, respectively. From the above parameters of our LCoS-SLM, the diffraction angle is 0.08174 rad and intensity ratio of first order to zero order is 0.003124, and we can obtain that the period (D) is 6.516 μm, the aperture size (d) is 6.169 μm, and the aperture ratio is 90.2% from this experiment. 
Amplitude Modulation
Regarding amplitude modulation experiment, we need to look for the alignment angle of LCoS-SLM. We also need to adjust the angles of the polarizer and the analyzer to convert LCoS-SLM into an amplitude modulator; then we can create a simple projection system. In this experiment, students will learn how to use LCoS-SLM as an amplitude modulator. The LabVIEW based software GUI of amplitude modulation is shown as Figure 7 (a). In addition, the students can use our Amplitude Modulation Simulation software to simulate the phenomenon of amplitude modulation. The GUI of amplitude modulation simulation is shown as Figure 7 (b). About this software of amplitude modulation simulation, the students could fill the blank parameters of Polarizer Transmission Axis, Liquid Crystal Optical Axis, Retarder Retardation, and Analyzer Transmission Axis. The Polarizer Transmission Axis is the transmittance direction of the input polarization light. Typically, it is called Polarizer direction. Liquid Crystal Optical Axis is the direction of uniaxial retarder slow axis. Retarder Retardation is the retardation of the retarder. Analyzer Transmission is the transmittance direction of the output polarization light. Typically, it is called Analyzer direction. The experiment setup photo is shown in Figure 8 (a), a plane wave passes through LCoS-SLM with two polarizer controlling input and output polarization state, an imaging lens behind the LCoS-SLM forms the SLM image onto screen. The transmittance of this system [15] [16] [17] is T #-. / 2 1 / . sin 21 " 5 % (7) where . is the angle between polarizer and analyzer, 1 is the angle between the polarizer and LC director, and 6 is the phase retardation related to voltage applied. With a cross polarized configuration which . equal to 90 degree and 1 equals to 45 degree. The transmittance becomes 
Phase Modulation
Regarding phase modulation experiment, we adjust the angles of the polarizer and the analyzer to convert the spatial light modulator into a phase modulator. In addition, we use an interferometer to measure its phase changes. The LabVIEW based software GUI of phase modulation is shown as Figure 9 (a). In addition, the students can use our Phase Modulation Simulation software to simulate the phenomenon of phase modulation. The GUI of phase modulation simulation is shown as Figure 9 (b). About this software of phase modulation simulation, the students could fill the wavelength of the coherent light source, pixel size, and homogeneous patterns with different gray level. Then, the students can simulate the phenomenon at different diffraction distance, different focal length, and different x or y direction offset. In phase modulation experiment, we use the same optical experiment setup as amplitude modulation experiment but change the polarizer and analyzer direction to align with LC director. It means . 1 0. As a result, the transmittance is always 1, there is no amplitude variation at this configuration. Only phase varies with input signal. Moreover, we would like to examine the phase modulation capability by the interference. Therefore, we add one more mirror for offering the reference light in this experiment. The experiment setup photo of phase modulation experiment is shown in Figure 10 (a) . We adjust the tilt angle of mirror to get a horizontal interference and then put a black/white pattern to the LCoS-SLM. Each gray level represents different phase difference. The white parts will gradually changes its gray level from 0 to 255, and the interference pattern will be shifted as equation below 9 29 : ;1 = cos @ A / B C, (9) where @ is the wavenumber, is the angle between two plane wave reflected from LCoS-SLM and mirror, B is the phase difference between these two waves. The phase shift is in proportion to interference shift, thus we can measure the phase difference by the shifted interference. The phase difference results at different gray level input are shown as Figure  10 
Wavefront Modulation
The objective of this experiment is to create plane waves, spherical waves, and cylindrical waves that travel along different directions by adjusting the wavefronts of phase modulator. In addition, we would like to learn about the limits of the diffraction angle of a phase modulator. In this experiment, the students have known how to use SLM as a phase modulator in previous experiment, and they will learn how to modulate the incident plane wave to converge, diverge, and orientates to other directions. The plane wavefront, spherical wavefront, and cylindrical wavefront in the LCoS-SLM plane (x-y plane) can be expressed as following equations
Plane wave:
Spherical wave:
Cylindrical wave (phase only changes along the y-axis):
Where θ is the angle between z axis and propagation direction, z 0 is the distance from diverging or converging point to the LCoS-SLM plane. The LabVIEW based software GUI of wavefront modulation is shown as Figure 11 (a). In addition, the students can use our Wavefront Modulation Simulation software to simulate the phenomenon of wavefront modulation. The GUI of wavefront modulation simulation is shown as Figure 11 (b). Regarding this software of wavefront modulation simulation, the students could fill the wavelength of the coherent light source, and pixel size. Then, the students can simulate the phenomenon to observe the result of different parameters by changing the observe distance, and the wavefront type. The wavefront type includes plane wave, spherical wave, and cylindrical wave. The experiment setup photo of wavefront modulation experiment is shown in Figure 12 (a). We can directly get the phase information by substituting pixels position (x, y) data of SLM, each pixel will have its phase information and each phase data corresponds to gray level input from computer, the resulting plot are shown in Figure 12 (b). 
Phase Shifting Digital Holography (PSDL)
The objective of this experiment is to help students understand the operational principles of phase-shifting digital holography, as well as its device structure and method of calculating the amplitude and phase of the object wave. Furthermore, to help students learn how to use the near-field diffraction theory to verify the calculated outcome. This experiment for LCoS-SLM is Phase Shifting Digital Holography (PSDH 
where R is the reference wave, I is interference of object and reference wave, and subscript 0 means the reference interference, other value mean the phase shift in reference wave. Therefore, we use Michaelson interferometer again and SLM is used to give phase retardation to the reference wave by giving different gray level input. The LabVIEW based software GUI of PSDH and the GUI of reconstruction image is shown in Figure 13 (a) and Figure 13 (b), respectively. Compare with the traditional PSDH, we can exactly change the phase of plane wave with the resolution of 8 bit depth by using EDK software. The experiment setup photo of phase-shifting digital holography is shown in Figure 14 (a). The Figure 14 (b) . Then, we use the image reconstruction software to load these four image files and to do the reconstruction procedure and calculation. The sample image and the reconstruct image are shown in Figure 14 (c). 
CONCLUSIONS
In this paper, we have already developed multi-function and easy-to-use EDK software that was based on LabVIEW system. We would like to integrate these EDK software into our high reflectivity, high resolution LCoS-SLM to enhance the overall performance. Based on this LCoS-SLM (EDK), we provide a training platform which includes a series of optical theory and experiments to the university students. This EDK software not only provides a LabVIEW based operation software to produce CGH to generate some basic diffraction image or holographic image, but also provides simulation software to verity the experiment results simultaneously. Our LabVIEW based software can also simulate fundamental optics, wave optics, and Fourier optics. This simulation software not just helps students to realize the theory of Jones matrix and the relationship among of polarizer, retarder, and analyzer, but can simulate the interference, diffraction, and dispersion phenomenon. We also can use this simulation software to simulate the optical pattern and optical wavefront dynamically. However, we believe that a robust LCoS-SLM, operation software, simulation software, training system, and training course can help students to study the fundamental optics, wave optics, and Fourier optics more easily. Based on these fundamental knowledges, they could develop their unique skills and create their new innovations on the optoelectronic application in the future.
